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ABSTRACT

Sediment gravity flows exhibit a large range of flow behaviours, making their
flow dynamics hard to predict and the resulting deposits a challenge to
interpret. Cohesive sediment gravity flows containing clay are particularly
complex, as their behaviour is controlled by the balance of turbulent and
cohesive forces. A first set of laboratory lock-exchange experiments investi-
gated the effect of adding 25% very fine sand by volume to high-density
cohesive sediment gravity flows with strongly suppressed turbulence. This
caused these mixed clay-sand flows to become more cohesive, have shorter
runout distances, and have lower head velocities than the original pure-clay
flows, despite the increase in density difference and the non-cohesive prop-
erties of the sand. Yield stress measurements confirmed that adding the non-
cohesive very fine sand increases the cohesive strength of dense clay suspen-
sions. This higher cohesive strength outcompetes the enhanced density dif-
ference and reduces the flow mobility. A second set of experiments across a
larger range of clay concentrations showed that, for low-density cohesive
sediment gravity flows dominated by turbulent mixing, the addition of 25%
very fine sand increased the head velocities because of the enhanced density
difference and weak cohesive forces. Thus, the addition of very fine sand
may increase or decrease the mobility of cohesive sediment gravity flows,
depending on the initial type of flow and the balance between turbulent and
cohesive forces. In the natural environment, this study proposes that very
fine sand can only increase the cohesive strength and reduce the flow mobil-
ity of cohesive sediment gravity flows that have a sufficiently strong matrix
strength to fully support the sand particles. The contribution of very fine
sand to the cohesive strength of high-density cohesive sediment gravity
flows may have important implications for flow transformation on submarine
fans, especially in distal regions where transient—turbulent, cohesive flows
are particularly common.

Keywords Clay, cohesive forces, flow mobility, laboratory experiments,
sand, sediment gravity flow, yield stress.

INTRODUCTION transport process on our planet and dominate
sediment supply to many parts of the deep ocean
Sediment gravity flows (SGF's) are flows driven by (Talling, 2014). In the natural environment, SGFs

gravity acting on the density contrast between a vary greatly in rheology and mobility, governed
sediment-laden fluid and the ambient fluid. SGFs by, for example, flow velocity, sediment concen-
are volumetrically the most important sediment tration, particle support mechanism and cohesive
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clay content (Mulder & Alexander, 2001; Tal-
ling, 2013). There is thus a continuum of SGF
behaviour extending from turbidity currents to
debris flows, with turbulence-modulated transi-
tional flows bridging the gap (e.g. Baker &
Baas, 2020). Turbidity currents, defined as flows
in which the particles are supported by the
upward component of fluid turbulence generated
mainly at the boundaries of the flows (Middleton
& Hampton, 1973), have been rigorously studied
(e.g. Middleton, 1966; Parker et al., 1986; Kneller
& Buckee, 2000; Wells & Dorrell, 2021). These tur-
bulent flow conditions are present throughout the
flow, including near the bed, producing well-
mixed flows without an internal density interface
(Talling et al., 2012). Debris flows, which have
not been as well studied as turbidity currents, are
defined as high-concentration, laminar SGFs with
weak to no internal turbulence, where a high
concentration of cohesive clay can provide grain
support by yield strength (Middleton & Hamp-
ton, 1973; Marr et al., 2001; Mulder & Alexan-
der, 2001). Transitional flows, defined as flows
with transient turbulent behaviour, fall between
turbidity currents and debris flows (Wang &
Plate, 1996; Lowe & Guy, 2000; Marr et al., 2001;
Mohrig & Marr, 2003; Baas et al., 2009, 2011;
Sumner et al., 2009; Kane & Pontén, 2012; Kane
et al., 2017). The presence of clay in these flows
can increase the flow viscosity and yield stress,
and thus modulate the turbulent forces driving
the flows (Baas & Best, 2002).

Transitional flows have received increasing
attention since laboratory experiments demon-
strated that only a small amount of cohesive
clay is needed to produce transitional flow beha-
viour (Wang & Plate, 1996; Baas et al., 2009,
2011; Sumner et al., 2009). These flows are
therefore likely to be common in the natural
environment. This has been evidenced by the
growing body of literature describing the depos-
its of transitional flows, termed hybrid event
beds or transitional flow deposits, in the deep-
marine environment (e.g. Lowe & Guy, 2000;
Barker et al., 2008; Haughton et al., 2009; Kane
& Pontén, 2012). Transitional flow deposits
across the distal fringe of deep-marine systems
often show a downstream transition in deposit
properties that reflect flow transformation to
more cohesive flow behaviour (e.g. Kane
et al., 2017; Baker & Baas, 2020). Understanding
the processes responsible for flow transforma-
tion from turbulent to transitional or laminar
flow is vital for predicting how changes in kine-
matic behaviour affect the mobility of SGFs
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travelling through a system, and correctly inter-
preting transitional flow deposits.

The dynamic balance between turbulent forces
and cohesive forces within a flow controls tran-
sitional flow behaviour. Turbulent forces are
produced mainly at the boundaries of the flow
and these are driven by the density difference,
whilst the strength and number of cohesive
bonds in the flow control the cohesive forces
(Baas et al.,, 2009, 2011; Sumner et al., 2009;
Baker et al., 2017; Craig et al., 2020). The shift-
ing balance between turbulent and cohesive
forces can promote flow transformation between
different transitional flow behaviours or cause
more dramatic flow transformation to the end
member flow types of turbidity current or debris
flow. Flow classification schemes of clay-laden
flows (e.g. Baas et al, 2009; Hermidas
et al., 2018) categorize this continuum of flow
behaviour.

Laboratory experiments have shown that the
sediment composition within a flow can control
the balance of turbulent and cohesive forces.
Increasing the clay concentration within a SGF
can promote flow transformation from non-
cohesive turbidity current to highly cohesive deb-
ris flow and reduce the flow mobility, provided
the clay bonds suppress the turbulent forces (Baas
et al., 2009; Sumner et al., 2009; Baker
et al., 2017; Hermidas et al., 2018). Other labora-
tory experiments have used a fixed volume con-
centration and changed the ratio of sand to clay
within the flows. These experiments demon-
strated that increasing the non-cohesive sand
content in mixed clay-sand flows at the expense
of clay, produces increasingly turbulent flows
with higher mobility (Marr et al.,, 2001; Ilstad
et al., 2004). This increase in flow mobility was
attributed to a reduced cohesive strength of the
starting suspensions, which enables the density-
driven shear forces to break the clay flocs and
produce turbulence-supported flows (Marr
et al., 2001). Many experiments, including those
cited above, have demonstrated that the rheology
of cohesive SGF suspensions correlates with the
flow behaviour of the suspensions. Parameters
such as yield stress of the starting suspension
have been shown to predict the flow behaviour
and runout distance (Baker et al., 2017).

Experiments examining how the ratio of sand
to clay controls the flow behaviour of cohesive
SGFs often use a fixed volume concentration, so
that the driving force — determined by the density
difference — is a controlled variable (e.g. Ilstad
et al.,, 2004). In the natural environment, a
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changing SGF concentration, and hence driving
force, is likely to be a common occurrence as
flows incorporate water or dewater, as well as
deposit sediment or erode the substrate. When
sand is added to a SGF, via erosion of the bed
below, the density difference between the flow
and the ambient water increases, encouraging the
flows to accelerate. In cohesive SGFs, this should
increase the shear-induced turbulence, break the
clay bonds and increase the flow mobility, pro-
vided the sediment can be kept in suspension
(Middleton, 1966). It is currently unknown how
the addition of sand, and hence the increase in
density difference, changes the behaviour of
cohesive transitional flows that already have
strongly suppressed turbulence because of a high
clay concentration. Within these flows, the clay
gel can limit the development of turbulence, and
this may influence how the balance of turbulent
and cohesive force changes.

This paper investigates how the addition of a
small amount of very fine sand changes the flow
behaviour and mobility of low-density through to
high-density cohesive SGFs in the laboratory, to
help better understand their flow dynamics and
deposits in the natural environment. The experi-
ments contrasted the flow behaviour of pure-clay
flows with clay flows to which the sand had been
added. The principal aims of this research are:

1 To determine how increasing the volume
concentration from the addition of very fine
sand changes the flow behaviour, flow velocity,
runout distance and deposit geometry of high-
density cohesive SGFs.

2 To determine how increasing the volume
concentration from the addition of very fine
sand changes the flow velocity of cohesive SGFs
across a larger range of sediment concentrations
and flow behaviours.

3 To investigate how the addition of very fine
sand changes the yield stress of the high-density
clay-laden starting suspensions, and to discuss
possible explanations for the observed changes.

4 To discuss the wider potential implications
of these results for natural SGFs and their
deposits.

MATERIALS AND METHODS

Lock-exchange flume experiments

In order to determine the effect of very fine sand
on cohesive SGF dynamics, sediment gravity

flows were produced in a 5.0 m long, 0.2 m
wide and 0.5 m deep, smooth-bottomed lock-
exchange tank. The tank comprises a 0.31 m
long reservoir that was filled with a suspension
up to a depth of 0.35 m. The reservoir is sepa-
rated by a lock gate from the main compartment
of the flume, which was filled with seawater to
the same depth. The SGFs were composed of
either pure clay and seawater or a mixture of
clay, sand and seawater (Tables 1 and 2). The
seawater used was filtered from the Menai Strait
(north-west Wales, UK). Bentonite clay provided
by RS Minerals Limited (Guisborough, UK) was
used as clay material. This bentonite is com-
posed of Na-Montmorillonite and it is a strongly
cohesive clay with a median particle size, Ds,
of 5.6 pm. Inert, well-sorted, spherical glass
beads from Potters Industries Inc. (Malvern, PA,
USA) were used to simulate very fine sand
grains. Two sets of experiments were conducted.
The first set of experiments focused on high-
density cohesive SGFs and used glass beads
with a Dsq of 98 pm. The second set of experi-
ments used a wider range of clay flow densities
and comprised glass beads with a D5y of
116 pm.

A consistent method was used to prepare each
suspension to account for any time-dependent
behaviour of the mixtures. This method com-
prised mixing half of the seawater and sediment
in a concrete mixer for 15 min, before adding
the second half and mixing for a further 15 min.
The mixture was then decanted into a container
and mixed with a handheld mixer for a further
10 min. The suspension was gradually added to
the reservoir as the rest of the tank was filled
with seawater. To start an experiment, the mix-
ture in the reservoir was mixed for a further 60 s
using the handheld mixer before lifting the gate.

Once the gate had been lifted, a high-
definition video camera tracked the front of the
flow along the length of the tank. The velocity
of the head of the flow was determined using
the time-stamped video frames and scale at the
bottom of the flume. The SGF deposit height
with distance along the tank was measured
along the centre line of the flume using a SeaTek
5 MHz Ultrasonic Ranging System (SeaTek
Instrumentation, Gainesville, FL, USA), which
calculates the vertical distance to the deposit by
means of the two-way travel time of an ultra-
sound pulse. Flow runout distances, defined as
the maximum deposit extent from the lock gate,
were recorded for all flows that stopped before
reaching the end of the tank.
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Table 1. Basic experimental data for the first set of experiments, focussing on high-density cohesive sediment
gravity flows (SGFs). TC, turbidity current. * = values not measured as part of the present study, but predicted
using eqs 1 and 6 of Baker et al. (2017). The sand (%) added results in a 25% increase in the total volume concen-

tration.
Maximum
Runout head Yield

Total volume Clay Sand distance velocity stress
concentration (%) (%) (m) (ms™ (Pa) Flow type
14.4% clay 14.4 0.0 4.86* 0.35* 1.8 High-density TC
15% clay 15.0 0.0 4.66 0.35 2.3 High-density TC
18% clay—sand 14.4 3.6 3.52 0.36 5.0 High-density TC
18% clay 18.0 0.0 1.42 0.27 21.3 Mud flow
16% clay 16.0 0.0 3.77 0.37 4.6 High-density TC
20% clay-sand 16.0 4.0 1.79 0.31 11.8 Debris flow
20% clay 20.0 0.0 0.22 0.07 67.5 Slide

To obtain grain-size samples from the mixed Ces = Cc + Cs (1)

clay-sand deposits, each deposit was left to settle
for 24 h, the water slowly drained from the tank
over another period of 24 h, and the deposit left
to partially dry for seven days. Sediment cores
were taken every 0.2 m from the lock gate along
the centre line of the deposit, using 30 mm diam-
eter 60 ml syringe cores. The cores were frozen,
before being subsampled by cutting each core
into horizontal slices, 2.5 or 5.0 mm thick,
depending on the strength of the core. Grain-size
analysis was conducted on the samples using a
Malvern 2000 laser particle sizer (Malvern Pana-
lytical Limited, Malvern, UK). The grain-size data
were converted into percentage clay and percent-
age sand using 57 pm as the cut-off between the
two sediment types, because the glass beads have
a lower grain-size limit of 63 pm.

Experiment Set 1: Lock-exchange flume
experiments adding 25% very fine sand or
clay to high-density pure-clay flows

For the first set of experiments, very fine sand
was added to 14.4% and 16% pure-clay flows to
study the effect of very fine sand on high-density
cohesive SGF behaviour and deposits. These
flows were chosen as they are at the top of the
maximum head velocity against flow concentra-
tion curve for bentonite clay (Baker et al., 2017,
fig. 10A), where the turbulent forces driving the
flow and the cohesive forces limiting flow mobil-
ity are inferred to be finely balanced. The volume
concentration of the mixed clay-sand flows, Cg,
was determined using the following equation:

where C, is the concentration of the original
pure-clay flows and Cs is the concentration of
sand, calculated by:

Cs =0.25 x C, (2)

In addition, pure-clay flows of the same vol-
ume concentration as the mixed clay-sand
flows were produced as a control, to establish
if there is a difference between increasing the
volume concentration by 25% with clay or
very fine sand; these flows are termed control
clay flows. The details of all of the high-
concentration cohesive SGF experiments are
given in Table 1.

The 15% clay flow of Baker et al. (2017), who
applied the same experimental set-up as the pre-
sent study, was used to represent the 14.4%
pure-clay flow in this study, under the assump-
tion that the difference in behaviour between
14.4% and 15% clay flows is small and within
the error range of the experiments. This assump-
tion was tested using equations relating flow
behaviour to bentonite clay concentration by
Baker et al. (2017). These equations predict the
maximum head velocity and runout distance of
bentonite clay flows based on dimensional anal-
ysis of experimental data for bentonite clay
flows from 1 to 20% volume concentration.
These predictions show that a 14.4% bentonite
clay flow has the same maximum head velocity
as the 15% bentonite clay flow and a runout dis-
tance within 0.2 m.
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Table 2. Basic experimental data for the second set of experiments, adding very fine sand to pure-clay sediment
gravity flows (SGFs) across a larger range of flow concentrations than in Experiment Set 1. Missing runout dis-
tances denote experiments that reached the end of the tank and therefore had a runout distance of at least 4.6 m.
TC, turbidity current. The sand (%) added results in a 25% increase in the total volume concentration.

Average head

Runout Maximum velocity for
Total volume distance head velocity flow duration
concentration Clay (%) Sand (%) (m) (ms™ (ms™ Flow type
10% clay 10.0 0.0 - 0.30 0.25 Low-density TC
12.5% clay-sand 10.0 2.5 - 0.40 0.31 Low-density TC
12% clay 12.0 0.0 - 0.33 0.28 Low-density TC
15% clay-sand 12.0 3.0 - 0.37 0.33 Low-density TC
13.5% clay 13.5 0.0 - 0.37 0.30 Low-density TC
16.9% clay—sand 13.5 3.4 - 0.40 0.35 Low-density TC
14.4% clay 14.4 0.0 - 0.35 0.30 Low-density TC
18% clay—sand 14.4 3.6 - 0.40 0.34 Low-density TC
16% clay 16.0 0.0 4.36 0.35 0.27 High-density TC
20% clay-sand 16.0 4.0 3.68 0.38 0.29 High-density TC
17% clay 17.0 0.0 3.25 0.30 0.25 High-density TC
21.3% clay-sand 17.0 4.3 2.39 0.34 0.25 Debris flow

Determining the starting suspension yield
stress of the high-density cohesive sediment
gravity flows

Subaerial dam break experiments following the
methods of Balmforth et al. (2007) and Matson &
Hogg (2007) were conducted to determine the
yield stress of the starting suspensions used in
the first set of lock-exchange experiments for the
high-density cohesive SGFs. This method calcu-
lates the yield stress from the runout distance of
the suspensions based on the idea that non-
Newtonian fluids become stationary when the
gravitational forces are in equilibrium with the
yield stress. The experimental set-up used a small
lock-exchange tank, 0.105 m wide, 0.59 m long
and 0.12 m deep, with a reservoir, 0.095 m long.
A 0.7-L suspension of pure clay or clay-sand of
the same composition as the suspensions used in
lock-exchange Experiment Set 1 was prepared in
a 1.5-L screw cap bottle and manually shaken for
10 min. The suspension was then put into the
reservoir to a height of 0.05 m, the gate lifted, and
the runout distance of the suspension, X, mea-
sured. The yield stress, z,, was then determined
using the following equations, theoretically
derived from a numerical model by Balmforth
et al. (2007) and Matson & Hogg (2007):

_ BpgH*

oy =28 (3)

where p is the density of the suspension, g is
the acceleration due to gravity, H is the height

of the suspension and L is the reservoir length.
The Bingham number, B, is defined as the ratio
of yield stress to the stresses generated by the
weight of the flowing layer. In these experiments
the Bingham number was always less than one-
third, as the final profile of the deposit showed
evidence that all fluid had flowed (Matson &
Hogg, 2007, fig. 2), and B can be calculated from
the runout distance of the suspension by:

B=%x @

Results of the subaerial dam break experiments
are given in Table 3.

Experiment Set 2: Lock-exchange flume
experiments adding 25% very fine sand to
pure-clay flows across a large range of
concentrations

A second experiment set was conducted to
investigate the effect of adding 25% volume con-
centration of very fine sand to pure-clay SGFs
across a larger range of flow concentrations, and
hence flow behaviours. Six pure-clay flows were
produced, from 10 to 17% volume concentra-
tion, and contrasted with six clay-sand flows
where the volume concentration was increased
by the addition of 25% sand, producing flows
with total volume concentrations of 12.5 to
21.3%. The concentrations used were determined
using Egqs 1 and 2, as for Experiment Set 1.
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Table 3.
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Experimental data for the subaerial dam break experiments following the methods of Balmforth

et al. (2007) and Matson & Hogg (2007). Runout distances of the clay and clay-sand suspensions were converted

to yield stress using Eqgs 3 and 4.

Density of

Total volume suspension Runout Bingham Yield
concentration Clay (%) Sand (%) (kg m™?) distance (m) number stress (Pa)
14.4% clay 14.4 0.0 1194.4 0.55 0.006 1.8
15% clay 15.0 0.0 1202.5 0.44 0.011 2.3
16% clay 16.0 0.0 1216.0 0.40 0.015 4.6
16% clay-sand 12.8 3.2 1225.6 0.54 0.006 1.9
17% clay 17.0 0.0 1229.5 0.30 0.038 11.7
17% clay-sand 13.6 3.4 1239.7 0.49 0.008 1.7
18% clay 18.0 0.0 1243.0 0.24 0.067 21.3
18% clay-sand 14.4 3.6 1250.2 0.40 0.016 5.0
19% clay 19.0 0.0 1256.5 0.21 0.099 32.1
19% clay-sand 15.2 3.8 1267.9 0.32 0.029 6.1
20% clay 20.0 0.0 1270.0 0.17 0.208 67.5
20% clay-sand 16.0 4.0 1282.0 0.30 0.036 11.8
21% clay 21.0 0.0 1296.1 0.24 0.071 15.1
22% clay 22.0 0.0 1310.2 0.19 0.138 29.8
23% clay 23.0 0.0 1324.3 0.17 0.213 46.1

Details of the experimental results from Experi-
ment Set 2 are given in Table 2. Experiment Set
2 used a different batch of bentonite clay from
the same supplier, used glass beads with a
slightly larger grain size (Dsq of 116 pm com-
pared to 98 pm), and was conducted at a differ-
ent time of year compared to the first set of
experiments. The bentonite is composed of ca
92% Na-Montmorillonite from multiple deposits
worldwide. Different batches have slightly dif-
ferent chemical compositions and mineralogy,
which can strongly influence the rheological
properties of the experimental suspensions. The
disparate clay and seawater properties between
these two sets of experiments produced suspen-
sions with slightly different cohesive properties
for the same clay concentrations and therefore
cannot be directly compared. Yet, the principal
relationships between sand content and flow
dynamics were similar for both sets of experi-
ments.

RESULTS

Experiment Set 1: Lock-exchange flume
experiments adding 25% very fine sand or
clay to high-density pure-clay flows

The flow behaviour, maximum head velocity
and runout distances from the first set of

experiments on high-density cohesive SGFs are
presented in Table 1 and Fig. 3, and each flow
was visually classified into a flow type following
Baker et al. (2017; Table 4). Below, the results
are described separately for the two principal
trios of experiments. First, the original 15%
pure-clay flow is contrasted with the 18% clay-
sand flow and the 18% control clay flow. Sec-
ond, the original 16% pure-clay flow is com-
pared to the 20% clay-sand and 20% control
clay flows.

Adding 25% very fine sand or clay to the 15%
pure-clay flow

Flow behaviour: The video recordings show
that the 15% original pure-clay flow consisted
of two zones: a dark lower zone 1 composed of a
dense, quasi-laminar plug layer without visible
mixing, and a lighter-coloured upper zone 2,
where ambient water mixed into the flow and
Kelvin-Helmholtz instabilities developed along
the upper surface. The head of the 15% pure-
clay flow had a pointed semi-elliptical shape
with a prominent nose. Within zone 1, linear
features of clear ambient water along the side-
wall of the flume, defined as coherent fluid
entrainment structures (Baker et al., 2017),
developed. The 18% clay-sand flow had the
same two-part flow structure as the 15%
pure-clay flow. However, the head of the 18%
clay-sand flow was more rounded with a
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Table 4. Summary of flow classifications, with example photographs and conceptual diagrams of heads of flows.

lighter-coloured upper zone 2, and numerous
coherent fluid entrainment structures were
observed. Both the 15% pure-clay flow and the
18% clay-sand flow are classified as a high-
density turbidity currents following Baker
et al. (2017; Table 4).

The 18% control clay flow primarily com-
prised a dense laminar plug layer without coher-
ent fluid entrainment structures, and a dilute

Flow Photographic example Interpretative drawing
classification
) No density interface; dominated
Low-density bv turbulent mixing
turbidity
current
. . Coherent fluid

ngh-denSIty entrainment structures
turbidity
current

- Roller-wave
Mudflow/debris shaped head

( — C’\
flow
20% clay-sand ]
mi
Slide C.ohgrent mass without '
significant internal deformation
20% clay

suspension cloud on the top of the flow. The
flow had a blunt semi-circular head during the
initial and final flow stages. The head of the
flow lifted off the base of the flume and folded
back on itself, attaining a roller-wave-like shape
(Table 4). The 18% control clay flow is classified
as a mud flow following Baker et al. (2017).
Mud flows (containing grain sizes of <63 pm)
and debris flows (comprising all grain sizes) are
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characterized by their strong to full turbulence
suppression and limited mixing at the upper
boundary (Baker et al., 2017; Table 4).

Flow velocity and runout distance: The head
velocity of all the experimental flows increased
rapidly as the flows left the reservoir (Fig. 1A).
The 15% pure-clay flow and 18% clay-sand
flow accelerated to similar maximum head
velocities of 0.35 m s™' and 0.36 m s™', respec-
tively, after which the head velocity of both
flows stabilized, but with superimposed higher-
frequency fluctuations. At distance from the lock
gate, x, of 2.6 m the 18% clay-sand flow dis-
played a rapid decrease in velocity in the final
flow stages to produce a runout distance of
3.52 m (Fig. 1A and C). In contrast, the head
velocity of the 15% pure-clay flow reduced
slightly from x = 3.2 m to x = 4.4 m, before
rapidly decelerating to zero resulting in a runout
distance of 4.66 m. The 18% control clay flow
accelerated to a maximum head velocity of
0.27 m s™'. Once the maximum head velocity
was reached, the flow then decelerated quickly
to produce a runout distance of 1.42 m (Fig. 1A
and C).

Adding 25% of very fine sand or clay to the
16% pure-clay flow

Flow behaviour: The 16% pure-clay flow had
the same two-zone structure, pointed semi-
elliptically shaped head, and coherent fluid
entrainment structures in the dense lower layer
as the 15% pure-clay flow. The 16% pure-clay
flow is therefore also categorized as a high-
density turbidity current (Baker et al., 2017;
Table 4). In contrast, the 20% clay-sand flow
comprised a dense plug layer that lacked any
noticeable internal turbulence or mixing with
the ambient water, although a dilute suspension
cloud developed at the front of the flow. The
head of the 20% clay-sand flow curled back on
itself before attaining a tall, rounded shape that
was maintained until the final flow stages. Faint
coherent fluid entrainment structures were
observed in the lower zone from x = 0.5 to
x = 1.5 m. This behaviour of the 20% clay-sand
flow describes a debris flow (Baker et al., 2017;
Table 4). The 20% control clay flow travelled
out of the reservoir as a coherent mass for
0.22 m and did not mix with the ambient water.
This flow lacked a clearly defined head and is
classified as a slide following the definition of
a high-density SGF that moves as a coherent

Mobility of clay-sand flows 1117

mass without significant internal deformation
(Martinsen, 1994; Mohrig & Marr, 2003; Table 4).

Flow velocity and runout distance: The 16%
pure-clay flow accelerated quickly once the lock
gate was lifted and then maintained a reason-
ably constant head velocity until x = 3.6 m.
Thereafter, rapid flow deceleration produced a
runout distance of 3.77 m (Fig. 1B and D). The
16% pure-clay flow had a maximum head veloc-
ity of 0.37 m s™', compared to 0.31 m s~ for the
20% clay-sand flow. After the initial increase in
head velocity upon leaving the reservoir, the
20% clay-sand flow gradually decelerated to
x = 1.5 m. The head velocity of the flow then
rapidly decreased, resulting in a runout distance
of 1.79 m. The 20% control clay flow displays a
different velocity profile compared to those
presented above; this flow reached a maximum
head velocity of only 0.07ms™' before
decelerating to a runout distance of 0.22 m
(Fig. 1B and D).

Grain-size trends in the high-density mixed
clay-sand deposits

The deposits of the mixed clay-sand flows were
sampled to investigate vertical and horizontal
changes in clay and sand percentage. These
results are presented in Fig. 1E and 1F as per-
centage clay content. A reduction in percentage
clay, and hence increase in percentage sand,
represents a coarsening trend, whilst the oppo-
site signifies a fining trend. Figure 1F demon-
strates that the clay-sand deposit of the 20%
flow lacked horizontal and vertical changes in
clay percentage. In contrast, the clay-sand
deposit of the 18% flow shows both horizontal
and vertical variations in percentage clay
(Fig. 1E). All sampled locations in the deposit
demonstrate a fining-upward trend via a vertical
increase in percentage clay. Along the deposit of
the 18% clay-sand flow, the most proximal loca-
tion, at x = 0.20 m, had a slightly lower percent-
age clay in near-bed samples compared to the
two more distal locations, which had similar
grain-size profiles. For example, the deposit at
x = 0.20m 12.5 mm above the bed contained
77% clay compared to 78.5% clay at the same
height above the bed at x = 1.40 m and 3.20 m
(Fig. 1E). The base of the deposit of the 18%
clay-sand flow therefore became modestly finer
with distance from the lock gate until x ~ 1.4 m;
thereafter, the grain size was constant.
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Fig. 2. Yield stress against concentration for pure-
clay suspensions and mixed clay-sand suspensions at
a ratio of 80:20 clay:sand, calculated from the runout
distance of subaerial dam break experiments follow-
ing the methods and theoretical equations of Balm-
forth et al. (2007) and Matson & Hogg (2007). The
volume concentrations of the suspensions include the
starting suspensions used in Experiment Set 1. Error
bars are the 95% confidence intervals.

Starting suspension yield stress of the high-
density cohesive sediment gravity flows

The yield stress of the starting suspensions used
in the lock-exchange experiments for the high-
density cohesive SGFs in Experiment Set 1 was
calculated from the subaerial dam break experi-
ments, following the methods of Balmforth
et al. (2007) and Matson & Hogg (2007). These
yield stress values demonstrate that increasing
the volume concentration of the pure clay and
mixed clay-sand suspensions increases the yield
stress exponentially (Fig. 2). Figure 3A and 3D
focus on the yield stress values of the suspen-
sions used in the lock-exchange experiments
and show that the yield stress of the pure clay
suspensions increases after the addition of sand
and clay. The yield stress of the 15% pure-clay
suspension increased by a factor of 2.2, from 2.3
to 5.0 Pa, by adding sand to produce the 18%
clay-sand suspension (Fig. 3A). These values
compare to 21.3 Pa for the 18% control clay sus-
pension. The 16% pure-clay suspension had a
yield stress of 4.6 Pa. The addition of 25% sand
increased the yield stress to 11.8 Pa for the 20%

Mobility of clay-sand flows 1119

clay-sand suspension, an increase of a factor of
2.5 (Fig. 3D). The 20% control clay suspension
had a yield stress of 67.5 Pa in comparison.
These results demonstrate that adding 25% sand
to a high-concentration clay suspension causes a
significant increase in yield stress, which was
unexpected given that the sand particles were
non-cohesive.

Experiment Set 2: Lock-exchange flume
experiments adding 25% very fine sand to
pure-clay flows across a large range of
concentrations

Table 2 and Fig. 4 outline the changes in head
velocity, flow behaviour and runout distance
between the pure-clay flows and clay-sand
flows, where the volume concentration was
increased by adding 25% very fine sand, across
a larger range of initial clay concentrations than
in the first set of experiments.

Flow behaviour

The 10%, 12%, 13.5% and 14.4% pure-clay
flows had pointed semi-elliptically shaped
heads and were fully turbulent, i.e. without any
internal density interface. These flows mixed
readily with the ambient water to form Kelvin-
Helmholtz instabilities, and they are classified
as low-density turbidity currents (Baker
et al., 2017). Increasing the volume concentra-
tion of these flows by adding 25% sand to pro-
duce the 12.5%, 15%, 16.9% and 18% clay-
sand flows generated flows with similar beha-
viour to their pure clay counterparts, dominated
by strong turbulent mixing. The 12.5% to 18%
clay-sand flows are therefore also categorized as
low-density turbidity currents.

The 16% pure-clay flow comprised two zones:
a lower quasi-laminar plug zone 1 covered by a
lighter zone 2 that mixed with the ambient
water. This flow behaviour is typical of high-
density turbidity currents (Table 4). Adding
sand to produce the 20% clay-sand flow made a
flow that had the same two-zone structure as the
16% pure-clay flow, but with a thicker zone 1
and a more rounded head shape.

The 17% pure-clay flow also behaved as a
high-density turbidity current with a dense
lower layer and rounded head shape. In con-
trast, the 21.3% clay-sand flow comprised a
dense plug flow that did not mix with the ambi-
ent water, although a weak suspension cloud
developed as it travelled along the tank. The
21.3% clay-sand flow had a blunt semi-circular

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists., Sedimentology, 70, 1110-1130

85UB917 SUOWLIOD 9A 81D |qeal|dde auyy Ag peusenof ae Sajoile O 9SN JO S3|nJ Jo) Akeiq1auluQ /8|1 UO (SUONIPUOD-PpUe-SLLBI WO AS | 1M A1 BUl|UO//:SANL) SUONIPUOD PUe SWB | 841 38S *[7202/20/9T] Uo Akeiqiaulluo 481 591 Ad Z20ET PeS/TTTT OT/I0p/W0d A8 1 Aelg1 U1 |UO//:SdNY WO} papeojumod ‘ ‘€202 ‘T0ESIET



1120 M. L. Baker and ]. H. Baas
A g0 D g0
N by 14.7
70 A 70 -
o
60 - 60 -
= = +4% clay
a 50 A & 50
(%] (%]
(%] 1%
2 40 1 £ 40 4
(%] (%]
3 30 3 30
() T 3} .
20 1 +3.6% clay * 20 - T by 2.6
10 | + 3.6% sand 10 | /V o
./P. MNby2.2 ) + 4% sand
0 T T T T T 0 T T T T T
10 12 14 16 18 20 22 10 12 14 16 18 20 22
Total volume concentration (%) Total volume concentration (%)
B E 5
HDTC @
4 4.5 -
4.5 \iﬁ% sand HDTC
4 - 4 +4%
—_ = ¢ san;
E 35 ® | by13, E 35 4 by
g 5 HDTC S 3 2.5,
E o Debris
2 25 - 2 25 1 flow
+3.6% cla
S 1.5 4 oy ® é 1.5 A o
e +4% clay
1 - J by 3.3, Mudflow 1 1
0.5 A 0.5 4
by 17.2, Slide )
0 T T T T T O T T T T T
10 12 14 16 18 20 22 10 12 14 16 18 20 22
Total volume concentration (%) Total volume concentration (%)
C 04 F 04
No change ) o
__0.35 4 o () 035 - + 4% sand
3 +3.6% sand <
E 03 \ £ 03 o
> >
= = 4 by 1.2
S 0.5 - +3.6%clay @ L byl3 3 025 |
() (]
> >
T 0.2 1 T 0.2 1
© ©
Q Q
< <=
g 0.15 1 c 0.15
£ £
© © o .
2 0.05 - 2 05 J +4% clay
{ by 5.3
0 T T T T T 0 T T T T T
10 12 14 16 18 20 22 10 12 14 16 18 20 22

Total volume concentration (%)

Total volume concentration (%)

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists., Sedimentology, 70, 1110-1130

85UB917 SUOWLIOD 9A 81D |qeal|dde auyy Ag peusenof ae Sajoile O 9SN JO S3|nJ Jo) Akeiq1auluQ /8|1 UO (SUONIPUOD-PpUe-SLLBI WO AS | 1M A1 BUl|UO//:SANL) SUONIPUOD PUe SWB | 841 38S *[7202/20/9T] Uo Akeiqiaulluo 481 591 Ad Z20ET PeS/TTTT OT/I0p/W0d A8 1 Aelg1 U1 |UO//:SdNY WO} papeojumod ‘ ‘€202 ‘T0ESIET



Mobility of clay-sand flows 1121

Fig. 3. Experiment Set 1 summary of changes in yield stress, runout distance and maximum head velocity for the
(A) to (C) 15% pure-clay flow and (D) to (F) 16% pure-clay flow, when the volume concentration of the suspen-
sion is increased by 25% from the addition of very fine sand (red arrows and data points) or clay (blue arrows
and data points). Factors of change in yield stress, runout distance and maximum head velocity from the original
15% or 16% pure-clay flows are shown in italics. In (B) and (E), the flow types are also displayed, HDTC, high-

density turbidity current.

shaped head and is classified as a debris flow
(Baker et al., 2017).

Flow velocity and runout distance

All of the flows accelerated rapidly upon leaving
the reservoir; thereafter, the head velocity
decreased along the remainder of the flow path
(Fig. 4). For the 10%, 12%, 13.5% and 14.4%
pure-clay flows, increasing the volume concen-
tration by adding 25% sand produced flows that
accelerated to a greater maximum head velocity,
and these greater head velocities remained along
the length of the tank (Figs 4A to 4D and 5).

The 20% clay-sand flow was faster than the
equivalent 16% pure-clay flow in the first 3 m
along the tank, but the velocity difference was
smaller than in the lower-concentration flows
(Figs 4E and 5). The 20% clay-sand flow then
decelerated rapidly to produce a runout distance
of 3.68 m compared to 4.36 m for the 16% pure-
clay flow (Fig. 4E).

The 21.3% clay-sand and 17% pure-clay
flows had similar maximum head velocities and
head velocity profiles at x < 1.8 m (Fig. 4F). The
21.3% clay-sand flow then decelerated quickly
from x = 2 m to produce a runout distance of
2.39m. The 17% pure-clay flow decelerated
rapidly from x ~ 3 m and had a runout distance
of 3.25 m.

PROCESS INTERPRETATIONS

The experimental results presented herein
demonstrate that increasing the volume concen-
tration by adding 25% sand or clay changes the
flow behaviour, head velocity and runout dis-
tance of the high-density cohesive SGFs, as well
as their suspension yield stress (Fig. 3). Adding
very fine sand to the pure-clay flows first
increased and then decreased the flow mobility,
as the initial clay concentration was increased
(Figs 4 and 5). The changes in flow behaviour
and rheology of the high-density pure-clay flows
in Experiment Set 1, along with the grain-size

trends in the mixed clay-sand deposits, are
interpreted first. The effect of adding very fine
sand across the larger range of cohesive SGF
concentrations from Experiment Set 2 is dis-
cussed thereafter.

Experiment Set 1: Lock-exchange flume
experiments adding 25% very fine sand or
clay to high-density pure-clay flows

Adding 25% very fine sand or clay to the 15%
pure-clay flow
Both the 15% pure-clay flow and 18% clay-sand
flow were classified as high-density turbidity
currents. Baker et al. (2017) interpreted high-
density turbidity currents as flows in which the
sediment is supported primarily by fluid viscos-
ity from high clay concentrations. High-density
turbidity currents can therefore be considered to
have transitional, turbulence-modulated flow
behaviour. The grain-size data for the deposit of
the 18% clay-sand flow supports the high-
density turbidity current -classification. The
modest upward and downflow fining of this
deposit demonstrates that some sand was able to
settle out of suspension as the flow travelled
along the tank. This suspension settling is inter-
preted to occur in the lower transient—turbulent
layer, i.e. zone 1, of the flow (Table 4). If the
18% clay-sand flow had behaved as a low-
density turbidity current, the upward and down-
flow fining of sand would have been more pro-
nounced. For flows characterized as laminar
debris flows, no grading would be expected.
Despite both flows behaving as high-density
turbidity currents, the flow behaviour changed
when sand was added to the 15% pure-clay flow
to produce the 18% clay-sand flow. The 18%
clay-sand flow had a more rounded head than
the 15% pure-clay flow and a lighter-coloured
upper layer than the 15% pure-clay flow because
of reduced mixing with the ambient water. These
differences suggest that the 18% clay-sand flow
had greater cohesive strength than the 15% pure-
clay flow, because the flow was able to resist
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Fig. 4. Head velocity plots of pure-clay flows and clay-sand flows in Experiment Set 2, where the volume con-
centration of the pure-clay flows was increased by adding 25% very fine sand across a large range of initial clay
concentrations.
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streamlining of the head by the ambient water
and limit the shear-induced mixing in the upper
zone 2 of the flow (Table 4).

The head velocity profiles demonstrate that
the 18% clay-sand flow was less mobile than
the 15% pure-clay flow (Figs 1A and 3C).
Although both flows reached similar maximum
head velocity values, the 18% clay-sand flow
decelerated closer to the point of release than
the 15% pure-clay flow. This resulted in a
shorter runout distance for the 18% clay-sand
flow (Figs 1A and 3B). It is inferred that, despite
having a greater density difference with the
ambient water, stronger cohesive forces in the
18% clay-sand flow were able to outcompete
the turbulent forces closer to the point of release
compared to the 15% pure-clay flow. The inter-
pretations based on head shape and flow beha-
viour that the 18% clay-sand flow had greater
cohesive strength than the 15% pure-clay flow
are supported by the yield stress data, which
show that the 18% clay-sand suspension had a
higher yield stress than the 15% pure-clay sus-
pension. The mechanisms that cause non-
cohesive sand to increase the yield stress of clay
suspensions are discussed below.

Mobility of clay-sand flows 1123

The 18% control clay flow had a lower head
velocity and a shorter runout distance than both
the 15% pure-clay flow and the 18% clay-sand
flow (Figs 1A and 3B). The change in flow beha-
viour was also greater; the addition of 25% clay
promoted flow transformation from a high-
density turbidity current to a cohesive mud flow
(Table 4). The 18% control clay suspension had
a larger yield stress than both the 15% pure-clay
and 18% clay-sand suspensions (Fig. 3A). The
effects on the flow behaviour, flow mobility and
suspension yield stress from the addition of
25% clay to the 15% pure-clay flow to produce
the 18% control clay flow mirrors the results of
Baker et al. (2017) in that, at these high clay
concentrations, the clay particles are able to col-
lide and form stronger clay flocs and gels,
increasing the viscosity and shear strength of
the flows at the expense of shear-induced turbu-
lence.

Adding 25% very fine sand or clay to the 16%
pure-clay flow
The reduction in flow mobility of the 18% clay-
sand flow compared to the 15% pure-clay flow
is mirrored when comparing the 20% clay-sand
flow to the 16% pure-clay flow. The 16% pure-
clay flow had a greater head velocity and was
mobile for longer than the 20% clay-sand flow
(Fig. 1B). This resulted in a shorter runout dis-
tance for the 20% clay-sand flow. The addition
of 25% sand to the 16% pure-clay flow to pro-
duce the 20% clay-sand flow also enabled flow
transformation. The 16% pure-clay flow was
classified as a high-density turbidity current,
whilst the 20% clay-sand flow behaved as a
debris flow with a rounded, folded head and a
dense plug that hardly mixed with the ambient
water (Table 4). The absence of any changes in
grain size throughout the deposit of the 20%
clay-sand flow supports the debris-flow classifi-
cation, as a laminar plug with strong to full tur-
bulence suppression is required to produce non-
graded deposits (Mulder & Alexander, 2001).
The mechanism responsible for these changes
in flow behaviour and flow mobility between
the 16% pure-clay flow and 20% clay-sand flow
is interpreted to be the same as described above
for the 15% pure-clay flow and 18% clay-sand
flow. The addition of sand increased the cohe-
sive strength of the flow, supported by the
higher yield stress of the 20% clay-sand suspen-
sion compared to the 16% pure-clay suspension
(Fig. 3D). This increase in cohesive strength out-
weighed the increased density difference
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between the flow and the ambient fluid, thus
reducing the flow mobility of the 20% clay-sand
flow compared to the 16% pure-clay flow
(Fig. 3E and F).

The 20% control clay flow slid out of the
reservoir and had a runout distance of merely
0.22 m. This flow mobility was drastically lower
than that of the 16% pure-clay flow and also
considerably lower than that of the 20% clay-
sand flow (Fig. 3E). This further supports the
above interpretation that increasing the volume
concentration by adding 25% clay to high-
density cohesive SGF's increases the number and
strength of cohesive bonds, leading to less
mobile, turbulence-suppressed flow (Baker
et al., 2017).

Experiment Set 2: Lock-exchange flume
experiments adding 25% very fine sand to
pure-clay flows across a large range of
concentrations

The second set of experiments demonstrates that
the addition of very fine sand to cohesive SGFs
can both increase and decrease the flow mobility.

The 10 to 14.4% pure-clay flows were classi-
fied as low-density turbidity currents. For these
flows, the particles are supported by the upward
component of fluid turbulence generated mainly
at the boundaries of the flow (Middleton &
Hampton, 1973). For the 10 to 14.4% pure-clay
flows, the cohesive forces of the clay likely had
a minimal influence on the flow dynamics, as
the turbulence limited the formation of clay
flocs and gels (cf. Baker et al., 2017, table 3).
Adding 25% sand to the 10 to 14.4% pure-clay
flows increased the head velocity of these flows
along the entire length of the tank (Fig. 4). This
consistent increase in head velocity can be
explained by the non-cohesive sand increasing
the density difference between the flow and the
ambient water, thus increasing the driving force,
in the absence of sufficiently large cohesive
forces.

In contrast, for the higher concentration 16%
and 17% pure-clay flows, adding 25% very fine
sand reduced the mobility and runout distance
of these flows (Fig. 4). As already discussed for
the first set of experiments, the addition of very
fine sand to high-density clay flows appears to
increase the cohesive strength of the flow. This
greater cohesive strength outcompetes the
increased density difference between the flow
and the ambient fluid, thus reducing the flow
mobility.

HOW DOES NON-COHESIVE SAND
INCREASE THE YIELD STRESS OF HIGH-
CONCENTRATION CLAY SUSPENSIONS?

The rheological data demonstrate that adding
clay and adding sand to a dense clay suspension
increases the suspension yield stress by a con-
siderable amount (Fig. 3A and D), even though
the sand is non-cohesive. These increases in
yield stress and corresponding reductions in
flow runout distance potentially have important
consequences for predicting SGF mobility. It is
therefore beneficial to discuss the physical pro-
cesses responsible for the observed increases in
yield stress. Increasing the concentration of clay
in a suspension increases the number of clay
particles and allows a greater number of electro-
static bonds to be formed between the clay parti-
cles, increasing the suspension yield stress
(Baas & Best, 2002; Winterwerp & van Keste-
ren, 2004). The increase in yield stress with the
addition of non-cohesive sand to the clay sus-
pensions is in line with the limited amount of
work published on the yield stress and apparent
viscosity of mixed clay-sand suspensions con-
taining a range of clay mineral types (Major &
Pierson, 1992; Coussot & Piau, 1995; Ancey &
Jorrot, 2001; Mahaut et al., 2008). The processes
responsible for increasing the yield stress by
adding non-cohesive sand to a clay suspension
are discussed below.

The behaviour of large non-cohesive particles,
here sand, in a non-Newtonian suspension, here
a clay suspension, is complex because of the
variety of potential interactions between the par-
ticles (Mahaut et al., 2008). To simplify the sys-
tem, rheological studies consider the clay
suspensions as a ‘yield stress fluid’ with non-
cohesive particles embedded in the fluid (e.g.
Ovarlez et al., 2015). Following this approach,
the term ‘particle’ refers exclusively to the non-
cohesive sand particles from hereon. The poten-
tial interactions of the sand particles in the clay
suspension can be divided into mechanical
interactions and physicochemical interactions.
Mechanical interactions encompass hydrody-
namic particle-fluid interactions and physical
particle-particle interactions, such as friction
and collisions. Hydrodynamic particle-fluid
interactions describe how the motion of a parti-
cle in a fluid induces a long-range flow field that
is felt by other particles (Russel et al., 1989). As
particles react to these changes in the fluid’s
local velocity, the forces required to maintain
the flow are increased, and so is the fluid yield
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stress (Yammine et al., 2008). Physicochemical
interaction defines particle-particle and particle-
clay forces of attraction (Mahaut et al., 2008).

Rheological studies have generally found that
mechanical interactions are the main process by
which the large non-cohesive particles increase
the yield stress of non-Newtonian suspensions.
Several lines of enquiry support this. Firstly,
sand is inert without surface charge, as are the
glass beads used in these experiments, which
renders particle—particle and particle-clay forces
of attraction wunlikely. Secondly, Mahaut
et al. (2008) designed and conducted experi-
ments to evaluate the purely mechanical contri-
bution of non-cohesive particles in yield stress
fluids. Mahaut et al. (2008) found that for ben-
tonite suspensions the addition of glass beads
(of particle diameters 140 pm, 330 pm and
2000 pm) increased the measured yield stresses.
Finally, theoretical rheological studies have
demonstrated that mathematical models that
include only the mechanical interactions cor-
rectly predict the observed changes in yield
stress for a variety of particle and yield stress
fluid types (e.g. Chateau et al, 2008; Vu
et al., 2010; Ovarlez et al., 2015).

Out of the mechanical interactions, hydrody-
namic interactions are often considered to be
the most important for the observed increase in
yield stress of non-Newtonian suspensions con-
taining particles (cf. Sengun & Probstein, 1989;
Yammine et al., 2008). In contrast, Ancey & Jor-
rot (2001) proposed ‘depletion of clay particles’
to explain the increase in yield stress they
observed when glass beads or sand were added
to a 25% kaolin clay suspension. Based on ideas
from polymer science, Ancey & Jorrot (2001)
suggested that in the close vicinity of large parti-
cles, the concentration of clay particles or flocs
reduces because of spatial constraints. In the
remaining space away from the large particles,
the clay concentration thus increases slightly,
and this increases the yield stress of the entire
suspension (Russel et al., 1989; Ancey & Jor-
rot, 2001). Ancey & Jorrot (2001) speculated that
the depletion results either from surface repul-
sion forces between the kaolin particles and the
coarse particles, or changes in the floc structure
of the kaolin. For the clay-sand suspensions
presented here, hydrodynamic particle-fluid
interactions are hypothesized to be the most
important mechanical interaction responsible for
the observed increase in yield stress of the clay
suspension from the addition of sand (cf. Sen-
gun & Probstein, 1989; Yammine et al., 2008;

Mobility of clay-sand flows 1125

Fig. 3). Physical particle-particle interactions,
such as friction and collisions, are likely to be
negligible, considering the low concentrations of
sand (below 4.3%) in the present experiments.
These low sand concentrations limit the
opportunities for particles to collide and inter-
act. The local depletion of clay particles near
the large particles, as proposed by Ancey &
Jorrot (2001), may occur. However, it seems
unlikely that depletion results from repulsive
forces between the inert glass beads and the clay
particles, so yet unstudied changes in the clay
floc or gel structure are deemed a more probable
explanation.

DISCUSSION

Effect of adding sand to natural cohesive
sediment gravity flows across a large range of
flow behaviours

The present experiments have demonstrated that
the addition of a small amount of non-cohesive
very fine sand to cohesive SGFs can both
increase and decrease the flow mobility,
depending on how the inclusion of this sand
changes the balance of turbulent and cohesive
forces in the flow. These experiments have
shown, for the first time, that the addition of
very fine sand to high-density cohesive SGFs
can increase the yield stress of clay suspensions
and reduce the mobility of the flows. The
mechanical interactions that are considered the
main mechanism by which the sand increases
the suspension yield stress are expected to occur
also in  natural  suspensions  (Mahaut
et al.,, 2008). Since natural cohesive SGFs are
likely to contain at least some sand and silt, the
effect of non-cohesive sediment on the cohesive
properties of these SGFs needs to be considered.
Below, a conceptual model for the effect of add-
ing non-cohesive, very fine sand to cohesive
SGFs is suggested for the full range of initial
flow conditions.

For weakly cohesive flows that behave as low-
density turbidity currents in the natural environ-
ment, the low clay concentration renders the
clay minerals unable to collide and flocculate,
and thus turbulent forces dominate these flows.
As demonstrated by the experiments, the addi-
tion of a small amount of very fine sand to low-
density turbidity currents, for example, by the
erosion of sandy substrates under natural condi-
tions, increases the density difference driving
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Strongly cohesive flow

Sand held in plug

Cohesive Flow
strength mobility

Fig. 6. Conceptual diagram of how the addition of a small volume of sand may change the flow mobility of cohe-
sive sediment gravity flows. For high-density, strongly cohesive sediment gravity flows (SGFs) dominated by tran-
sitional or laminar flow behaviour, the addition of a small amount of non-cohesive sediment is expected to
increase the cohesive strength of the plug layer, instigating a reduction in flow mobility. If sand is added to
weakly cohesive flows dominated by turbulent forces, adding sand will enhance the density difference, promote

turbulent mixing, and increase the flow mobility.

the flow, and this should increase the flow
velocity and further promote turbulent mixing
(Fig. 6). Adding greater amounts of very fine
sand will further increase the excess density
and flow velocity until the flow is saturated
with sand and the particles can no longer be
supported. Grain-to-grain interactions between
the sand particles then dampen turbulent forces
and limit flow mobility, and the flow likely
undergoes ‘frictional freezing’ and en masse
deposition (Mulder & Alexander, 2001). Baker
et al. (2017) showed, for silt particles, that fric-
tional freezing happens at ultra-high concentra-
tions of ca 50% by volume.

For high-density, strongly cohesive SGFs dom-
inated by transitional or laminar flow behaviour,
such as high-density turbidity currents and mud
flows, the addition of a small amount of non-
cohesive, very fine sand is expected to increase
the cohesive strength of the dense, laminar plug
layer. The increase in cohesive strength of the
plug layer results in a reduction in flow mobil-
ity, despite the increase in density excess, as
observed in the present experiments (Fig. 6).
The increased cohesive strength of the flow
could result in flow transformation to more
cohesive flow behaviour, for example from high-
density turbidity current to debris flow, or from

debris flow to slide. This is supported by the
present laboratory experiments; the addition of
25% very fine sand to the 16% pure-clay flow in
the first set of experiments enabled flow trans-
formation from a high-density turbidity current
to a debris flow (Table 4). For the highest-
density cohesive flows, such as slides, it is sug-
gested that adding any amount of very fine sand
will reduce the flow mobility by promoting bulk
settling.

The threshold at which the addition of very
fine sand may increase or decrease the flow
mobility of a cohesive SGF is challenging to pre-
dict, and dependent on the volume of sand
added and the initial cohesive strength of the
flow. The initial cohesive strength of the flow is
a function of multiple parameters, including
clay concentration, clay mineral type, flow
velocity, ratio of cohesive to non-cohesive sedi-
ment and extent of biological cohesion (Marr
et al., 2001; Ilstad et al., 2004; Baas et al., 2009;
Baker et al., 2017; Hermidas et al., 2018; Craig
et al., 2020). For example, previous work has
demonstrated that flows containing weakly
cohesive kaolinite clay and strongly cohesive
bentonite clay show the same changes in sus-
pension yield stress and flow mobility as clay
concentration is increased, but the threshold
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concentration above which clay modulates the
flow behaviour is lower for bentonite flows (Baas
et al., 2016b; Baker et al., 2017). It is therefore
expected that a higher initial clay concentration
within kaolinite-rich flows is needed to produce
a similar cohesive strength of bentonite-rich
flows. However, an increase in yield stress from
the addition of non-cohesive sand to clay sus-
pensions has been demonstrated to be irrespec-
tive of clay mineral type (Major & Pierson, 1992;
Coussot & Piau, 1995; Ancey & Jorrot, 2001;
Mahaut et al., 2008). The cohesive strength of a
flow is also expected to vary in space and time
as cohesive bonds break and reform under the
changing flow stresses. In the laboratory experi-
ments presented here, initial clay concentration
can be used as an indicator for cohesive strength
of the flow. For the second set experiments, the
initial clay concentration threshold where the
addition of a small amount of very fine sand
started to reduce, rather than increase, flow
mobility fell between 14.4% and 16% clay. It is
expected that for full-scale natural flows, the
clay concentration where the addition of a small
amount of very fine sand reduces flow mobility
will be higher, as natural flows are often faster
and more turbulent (Talling et al, 2013), and
therefore more likely to break the bonds between
clay particles. As such, higher clay concentra-
tions will be needed to produce flows that have
a dense, laminar plug layer, where the addition
of very fine sand to this layer is expected to
increase the suspension yield stress. Focusing
on the flow behaviour, rather than flow concen-
tration, may be a more practical indicator for
how the addition of a small amount of very fine
sand may change natural flows. The authors pro-
pose that, for flows that contain a dense plug
layer, i.e. high-density turbidity currents, the
addition of a small amount of very fine sand is
likely to reduce flow mobility. For flows without
a plug layer that are dominated by turbulent
mixing, the addition of very fine sand is likely
to promote further turbulent mixing and
enhance flow mobility.

Further work is needed to determine how
changing the volume of added sand controls the
mobility of high-density cohesive SGFs. The
design of such experiments should also investi-
gate the physical mechanisms for changes in
yield stress from the addition of sand to high-
density cohesive SGFs and establish the bound-
aries of sand concentration that hinder or pro-
mote the flow mobility. More experiments are
also needed to investigate the effect of the size
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of non-cohesive particles. This work should
focus on the role of turbulent and cohesive
forces in keeping particles of different size in
suspension and the development of density
stratification, which may control the minimum
clay concentration at which non-cohesive parti-
cles start to cause a decrease in flow mobility.

Role of sand in flow transformation across
submarine fans

Whilst travelling on submarine fans, SGFs can
exhibit flow type transformation as a result of
changing  boundary  conditions  (Talling
et al., 2012). In the proximal part of submarine
fans, i.e. canyons and channels, SGFs are often
highly mobile and erosive because of steep slope
gradients, lateral confinement and high sediment
concentrations (e.g. Babonneau et al, 2002;
Paull et al., 2018). Clay-rich flows in this part of
submarine fans are likely to have a high flow
velocity that promotes strong turbulent mixing
and impedes the formation of cohesive bonds
between clay minerals. If these cohesive SGFs
erode non-cohesive sand from the substrate, the
density difference with the ambient water is
enhanced and these flows should accelerate, as
demonstrated by the present experiments. If
these cohesive flows erode cohesive clay from
the bed, the opportunity for clay minerals to col-
lide, flocculate and gel increases. Above a criti-
cal amount of eroded clay, the flows start to
decelerate, as enhanced cohesive forces suppress
the turbulent forces, limiting the flow mobility
and promoting transformation to flows domi-
nated by cohesive forces (Baas & Best, 2002;
Baas et al., 2009; Sumner et al., 2009; Baker
et al., 2017). However, submarine canyons and
channels are typically dominated by coarse-
grained, non-cohesive deposits, such as massive
sands (Babonneau et al., 2010; Bernhardt
et al., 2011), rendering the erosion of clay-rich
deposits less likely in this part of submarine
fans.

Sediment gravity flows that travel across the
distal region of submarine fans, between the
lobe and distal fringe, have been found to trans-
form from turbulent to laminar as the cohesive
forces become increasingly dominant over the
turbulent forces (Kane et al., 2017). This results
in the formation of transitional flow deposits
and hybrid event beds (Barker et al., 2008;
Haughton et al., 2009; Kane & Pontén, 2012).
The mechanisms for causing flow transformation
are the entrainment of mud from the substrate
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Fig. 7. Examples of hybrid event beds in the Aberyst-
wyth Grits Group where sand from the H1 division is
incorporated in the mud-rich H3 division. (A) Sand-
stone clasts (arrows) at the base of a H3 division,
eroded from the bed below. (B) Gradual boundary
between the H1 and H3 divisions, interpreted as sand
incorporated from an earlier deposited turbidite in the
mixed clay-sand debris flow of a hybrid event. (C)
Uneven top of H1 division, suggesting erosion by a
debris flow that formed the H3 division above; the
arrow shows how an elongated sand clast in H3 links
to the H1 division below.

into the flows (Hodgson, 2009) and the decelera-
tion of the flows, allowing the cohesive forces in
the flow to dampen turbulence (Kane
et al., 2017). The results from the present experi-
ments suggest that the presence of sand in high-
density cohesive SGFs can also increase the
yield stress of the flow and promote flow trans-
formation.

The addition of sand to clay-rich SGFs may
occur via scouring of sand-rich SGF deposits.

Although cohesive flows with damped turbu-
lence are not as erosional as fully turbulent
flows, laboratory experiments have demon-
strated that decelerating sand-silt-clay transi-
tional flows can produce scour features because
of enhanced near-bed turbulence (Baas
et al., 2011, 2016a). An important field example
relevant to the present study is the erosion of
sand from the H1 division in a developing
hybrid event bed by a debris flow that forms the
H3 division (Haughton et al., 2009). This addi-
tion of sand to the debris flow may reduce its
mobility by increasing the cohesive strength,
and thus promote deposition of the H3 division
on top of the H1 division. In the Aberystwyth
Grits Group and Borth Mudstone Formation
(Wales, UK), the H3 divisions of hybrid event
beds have been observed to contain sand eroded
from the H1 division below (Baker & Baas, 2020;
Fig. 7). In the Gottero turbidite system (north-
west Italy), Fonnesu et al. (2017) observed that
rafts in the H3 division of their Type 1 and Type
2 hybrid event beds contained thin-bedded
sandstone—-mudstone heterolithics, which could
often be matched to the substrate beneath the
event bed (their figs 6 and 15C). These substrate
rafts were observed to disintegrate and be partly
incorporated into the flow down-dip (Fonnesu
et al., 2017). Both sets of field observations pro-
vide evidence for the addition of sand to clay-
rich SGFs, which, through ensuing flow deceler-
ation, may help to explain the common associa-
tion of sandy turbidites and mixed clay-sand
debris-flow deposits in hybrid event beds.

CONCLUSIONS

The lock-exchange experiments demonstrate that
the addition of a small amount of non-cohesive,
very fine sand to cohesive sediment gravity
flows can both increase and decrease the flow
mobility, depending on the initial balance of
turbulent and cohesive forces in the flow. For
flows dominated by turbulent forces, such as
low-density turbidity currents, adding a small
amount of very fine sand to the laboratory flows
increases the excess density driving the flows,
resulting in faster flow. For high-density cohe-
sive sediment gravity flows, i.e. high-density tur-
bidity currents and mud flows, adding the very
fine sand produces mixed clay-sand flows with
stronger cohesive behaviour, lower head veloci-
ties and shorter runout distances than the
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original clay flows. The yield stress measure-
ments demonstrate that adding non-cohesive,
very fine sand increases the yield stress of the
high-density starting suspensions. Comparison
with previous work suggests that mechanical
interactions between the sand particles and the
clay suspension are the main process by which
the yield stress is increased. The enhanced
cohesive strength of the mixed clay-sand flows
attenuates the turbulent forces, and thus reduces
the flow mobility, despite the greater density
difference between the flow and ambient water,
and the non-cohesive nature of the sand parti-
cles.

In the natural environment, the effect of add-
ing non-cohesive sediment on the cohesive
strength of cohesive sediment gravity flows
needs to be considered, whilst also accounting
for the effect of enhanced excess density. This
study suggests that non-cohesive sediment only
increases the yield stress and reduces the flow
mobility of strongly cohesive sediment gravity
flows, where the sand can be supported within
the cohesive matrix. For weakly cohesive sedi-
ment gravity flows, the sand is likely to promote
turbulence mixing in the flow and increase the
flow mobility.

The present experiments have demonstrated
that non-cohesive sand increases the cohesive
strength, via the yield stress, of high-
concentration clay suspensions. This implies
that the cohesive strength of natural cohesive
sediment gravity flows containing clay, sand
and silt should not be considered only in terms
of the clay concentration. The change in flow
behaviour and rheology from the addition of
very fine sand may have important implications
for flow transformation, particularly in the distal
region of mud-rich submarine fans.
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